INTRODUCTION
Pastoralism is a livestock production system that is based on extensive land use and often some form of herd mobility, which has been practiced in many regions of the world for centuries (WISP 2007) . Currently, extensive pastoralism occurs on about 25% of the earth's land area, mostly in the developing world, from the drylands of Africa and the Arabian Peninsula, to the highlands of Asia and Latin America where intensive crop cultivation is physically not possible (FAO 2001) . In addition, cattle and sheep ranchers in Western North America, Australia, New Zealand, and a few other regions of the world presently practice a modern form of pastoralism. Worldwide, pastoralism supports about 200 million households and herds of nearly a billion head of animals including camel, cattle, and smaller livestock that account for about 10% of the world's meat production (FAO 2001) . Pastoralism is globally important for the human populations it supports, the food and ecological services it provides, the economic contributions it makes to some of the world's poorest regions, and the long-standing civilizations it helps to maintain (Nori and Davies 2007) . Unfortunately, threats and pressures associated with human population growth, economic development, land use changes, and climate change are challenging professionals and practitioners to sustain and protect these invaluable social, cultural, economic, and ecological assets worldwide (Nori and Davies Fig. 1 . Three-dimensional vulnerability-coordination framework in assessing vulnerability of pastoralism. In the dimensions of agroecosystems on which pastoralists depend, options that allow pastoralists to react and institution capacity to respond to crises in pastoral systems: octant 1 is robust, abundant, and high; octant 2 is fragile, abundant, and high; octant 3 is robust, abundant, and low; octant 4 is fragile, abundant, and low; octant 5 is robust, limited, and high; octant 6 is fragile, limited, and high; octant 7 is robust, limited, and low; octant 8 is fragile, limited, and low. At agroecological, livelihood, and institutional scales, the movement to octant 8 indicates increased vulnerability of pastoralism to global climate change and octant 1 implies decreased vulnerability of pastoralism to global climate change (Adapted from Fraser 2007 Fraser ). 2007 ). Key ecosystem services such as biodiversity and food production provided by rangeland ecosystems may be vulnerable to both changes in climate as well as large-scale socioeconomic forces (Schröter et al. 2005 , Abildtrup et al. 2006 .
Vulnerability "is the sensitivity of people, places, ecosystems and species to contingencies and stress, and their capability to cope with them" (MEA 2005:146) . The vulnerability of food systems, including pastoral production systems, to climate change can be assessed via the dimensions of agroecosystems, livelihoods, and institutions (Fraser 2007) . However, the ways of measuring these three factors will vary from place to place, making direct comparisons difficult (Fraser 2007) . By conceptualizing these three variables as the axes of a three-dimensional "vulnerability" coordination framework by referring to Fraser (2007) and Dougill et al. (2010) , it is possible to compare different geographical regions and examine trends over time by studying the paths through the octant as traced by changes in the agroecosystem, livelihood, and/ or institutional dimensions (Fig. 1 ). Additional analysis is needed, however, to fully understand cause and effect relationships within this framework.
The pressure-state-response (PSR) framework developed by the Organization for Economic Cooperation and Development (OECD) has been widely used by international environmental agencies to identify the cause and effect chains of the vulnerability in natural resource use and environmental protection (Waheed 2009 ). According to PSR theory, social and economic conditions will Ecology and Society 16(2): 10 http://www.ecologyandsociety.org/vol16/iss2/art10/
Fig. 2. Map of global pastoralism and case sites (modified from Nori and Davies 2007).
generate responses that pressure the natural environment, leading to changes in its state (Pearce and Freeman 1991) , which in turn have impacts on human society that are typically negative. People then can act collectively, often via government regulations and policies, to address the pressures and impacts either by reducing the effects after they happen, or preferably by changing the driving forces or sources, thereby preventing or minimizing the environmental response that cause harm.
It is clear that globally, pastoralists and their rangelands form a vast and heterogeneous complex of diverse landscapes, cultures, and socioeconomic conditions that involve direct interactions among the natural resource base, the resource users, and the larger geopolitical system (Pratt et al. 1997) . In this paper, we will summarize and synthesize this heterogeneity by using the three-dimensional vulnerability-coordination framework and PSR framework to provide a detailed analysis of how social-ecological systems of pastoralism worldwide are changing in their vulnerability to global change, and to highlight the institutional options available that might reduce their vulnerability. Specifically, we examine 10 case studies (Fig. 2) to gain a better understanding of: (1) agroecosystems that arise from pastoralism and provide livelihoods in different pastoral regions; (2) vulnerability of agroecosystem and livelihood strategies to global changes that are occurring in different pastoral regions; and (3) institutional capabilities that can mobilize effective relief of the vulnerability associated with global changes.
CASE STUDIES OF GLOBAL PASTORALISM CHANGES

Decline of pastoral systems with expansion of agriculture in African Sahel
Located in the semiarid transition zone between the Sahara desert and the subhumid savanna zone, the Sahel has been a major pastoral production zone in Africa for centuries because of its characteristic physical and climatic conditions and associated plant communities (Table 1) . According to Brooks (2006) , pastoral livelihoods in the Sahel historically have depended on negotiated, nonexclusive access to water and reciprocal land use agreements between pastoralists and agriculturalists. This http://www.ecologyandsociety.org/vol16/iss2/art10/ Table 1 . General information on the African Sahel (Kandji et al. 2006) .
Location
It represents the southern edge of the Sahara desert, extending from the Atlantic Ocean in the west to the Red Sea in the east, from Cape Verde to the south by the less arid Sudano-Sahelian belt, covering a surface area about 5.7 million km².
Climate
It is a transitional zone between the arid Sahara desert in the north and subhumid savanna zone in the south, with annual rainfall varying from 200 mm to 600 mm.
Vegetation
Vegetation cover of the Sahel is composed of bushes, grasses, and stunted trees that increase in density as one moves southward.
Land use Traditional way of utilizing the Sahel is mostly raising livestock in a system of seminomads, i.e., farming and raising livestock in a system of transhumance.
Animals
Grazing livestock of cattle, camel, sheep, and goats as well as wild grazing mammals such as Scimitarhorned Oryx (Oryx dammah), Dama Gazelle (Gazella dama).
Population
It supports a population of about 58 million inhabitants; among them about 13% are nomadic pastoralists, i.e., Tuareg, Fulani, and other ethnic groups.
Social problems
The expansion of agriculture and a shift to agro-pastoralism pushed nomadic pastoralists into more marginal regions.
traditional system, being flexible and able to rapidly respond to changing environmental conditions, has been well suited to the ecological and sociological conditions that characterize the Sahel (Jarvis 1993, Marshall and Hildebrand 2002) . However, the adaptability of pastoralism, which depends on water availability and pastureland productivity, is now being negatively impacted by unpredictable climate change, enhanced environmental degradation, and the need to increase agricultural production to meet the demands of a rapidly growing population (Grouzis 1988, Watkinson and Ormerod 2001) .
According to Ahmed et al. (2000) , the Sahel experienced unusually large amounts of rainfall during the 1950s and 1960s, relative to the mean for the 20th Century, which was also the transition period to independence for many African nations. During this period, as stated by Brooks (2006:4) , "Newly independent African nations focused on modern, technocratic solutions to development aimed at delivering economic growth and the traditional approaches to resource management and food security were increasingly marginalized." The coincidence of political and economic transition during this period resulted in the northward expansion of agriculture into historically marginal areas of the Sahel, which lead to increased conflicts between agriculturalists and pastoralists and profound implications for both groups (Glantz 1996, Thébaud and Batterby 2001) . Although the famines of the 1970s across the Sahel were undoubtedly triggered by the prolonged drought of the 1970s and 1980s, when rainfall decreased by 29-49% compared with the 1931-1960 baseline period (IPCC 2001 , Claussen et al. 2003 , they were significantly exacerbated by inappropriate development practices (de Bruijn and van Dijk 1999, Warren 2005) . As Brooks (2006:4) stated "Over-extension of agriculture into historically marginal rangeland areas as a result of a failure to appreciate the nature of long-term (i.e., multi-decadal scale) climatic variability in the Sahel, resulted in massive losses of human life and livestock, the destruction of communities and livelihood systems, and massive societal disruption on a regional scale." Moreover, such an 'expansion only' strategy for food production led to deterioration of the land resources in the Sahel, e.g., overgrazing associated with the disappearance of fallows and the declining extent of pastures has resulted in the devastation of land resources in many areas (Kandji et al. 2006) Although there are conflicting and uncertain patterns predicted for future rainfall in West Africa, especially in the Sahel region (Kandji et al. 2006, Ecology and Society 16(2): 10 http://www.ecologyandsociety.org/vol16/iss2/art10/ (Carter et al. 2000 , Hulme et al. 2001 . If this is the case, an expansion of agriculture into marginal areas of rangeland will be encouraged by current development strategies that emphasize "models of agricultural production" over pastoralism (Warren 2005) . As a consequence, social conflicts between agriculturalists and pastoralists, and the problems associated with overgrazing and land resource deterioration may be accentuated. Moreover, past lessons have shown that the increasing incorporation of pastoralists into modern states in Africa has led to a progressive political, economic, and cultural marginalization of pastoral society (Azarya 1996) , with some ending up living in a "world of insecurity, war, famine and drought" (Baxter 1993:143) . Pastoral livelihoods and institutions will become increasingly vulnerable if current government policies continue to stress its development and "modernization" (Warren 2005) .
From this case, three points can be summarized in the three-dimensional vulnerability-coordination framework for pastoral systems in the African Sahel: (1) changing pastoral systems into agricultural systems enhanced the fragility of the agroecosystem; (2) pushing pastoralists into more marginal regions with the expansion of agriculture increased the risk of limiting livelihood assets; and (3) promoting current development models aimed at delivering economic growth and marginalizing traditional resource management lowered the institutional capacity to respond to crisis. As a result, this would be reflected in a shift toward the octant 8 in Figure 1 , indicating an increase in the vulnerability of pastoralism to global changes with respect to the functioning of livelihoods, agroecosystems, and institutions.
Marginalization of pastoral systems with collapse of command economy in Central Asia and Mongolia
The Central Asian republics have an estimated pasture area of 250 million ha that form part of an even larger region of arid lands including parts of Russia, Mongolia, and China (FAO 1997) . Pasturelands cover nearly half or more of the lands in three Central Asian nations, Kazakhstan, Uzbekistan, and Kyrgyzstan ( Table 2 ). The primary land use across this vast area in the past was extensive migratory livestock production, and boundaries were not rigidly defined by the state (Suleimenov and Oram 2000) . Driven by the strategy of restructuring agriculture to achieve food security and to adjust to market economy requirements after the breakup of the Soviet Union in the early 1990s, pasture management has been moved from state-managed mobile systems toward http://www.ecologyandsociety.org/vol16/iss2/art10/ de facto common property regimes and, more recently, to leasing or privatization (Robinson et al. 2010) . A wave of land privatization reforms has shifted land rights from pastoral cooperatives to wealthy individuals and groups, which has crowded out the poorest segment of the population, resulting in their growing insecurity over access to resources and the ability to exercise various mobile grazing options (Nori et al. 2005) . Transformation of the traditional pasture-use system, driven mostly by population growth and policy reform, has resulted in massive rangeland degradation and increased carbon emissions in this area (Chuluun and Ojima 2002) .
Although the consequences of changing property rights on rangeland as well as livestock management are quite different in Kazakhstan, Kyrgyzstan, and Uzbekistan, many common problems are challenging their traditional use for achieving food security and sustainable pastoral livelihood development during this economic transition period. In Kazakhstan, overstocking of rangeland is still increasing in spite of dramatic declines in total livestock numbers. With the collapse of special government services, higher livestock densities have resulted because only 30 to 40% of potential available rangeland is actually grazed, the rest either lacks drinking water or is too remote (Suleimenov and Oram 2000) . The same problems have occurred in Kyrgyzstan and most rangeland has not been grazed since independence (Suleimenov and Oram 2000) . However, following the collapse of state farms, a common herding system whereby pastures were continuously used by those communities that historically exploited them, has enabled partial use of remote pastures (Farrington 2005) . With a statecontrolled system still in place, Uzbekistan's rangelands have been used more appropriately, but the widespread expansion of grain crops onto marginal lands is contributing to soil erosion (Suleimenov and Oram 2000) .
Pastoral production has always been the mainstay of the Mongolian economy (Mearns 2004) , with 83% of the nation's territory covered by rangeland and where 84% of agricultural populations are pastoralists (Table 2) . During the socialist period, herders became dependent on the central government for salaries and for providing means of transporting livestock. In addition, state collectives allocated pastures, directed seasonal migrations, and provided veterinarians, fodder, and labor (Fernandez-Gimenez 2001) . Although collective farms collapsed and livestock were privatized during the transition to a market economy in the 1990s, an attitude of dependency remained (Muller and Bold 1996) . With the dismantling of herding collectives in 1992, formal regulatory institutions for allocating pastures such as heavy state subsidies, strong extension support, and planned markets disappeared, and weakened customary institutions were not able to replace them fully (FernandezGimenez and Batbuyan 2004) . As a result, millions of hectares of sown lands, which resulted from the forced conversion of some of the most productive rangelands into croplands by Mongolia's socialist government during the 1950s, decreased by half and the crop production decreased about threefold in 1995 compared with 1990 (Chuluun and Ojima 2002) .
A new Land Law, passed in 1994 by the postsocialist government, provided for the regulation, management, and monitoring of pastureland, as well as the leasing of campsites and potential pastures.
Leasing of winter and spring campsites began in 1998. However, the vague and shifting boundaries that had been so adaptive in the past are now increasing herder vulnerability to environmental perturbations arising from climate change (Turner 1999 , Fernandez-Gimenez 1999 . Although a revision went into effect in 2003, it unfortunately preserved some of the ambiguities of the earlier law, and again included provisions for certificates of possession, i.e., leases, for the use of winter and spring campsites, and potential winter and spring pastures. However, summer and fall pastures were to remain open for use by all, thus preventing herders from implementing effective traditional management plans, which has negatively influenced pastoralists' livelihoods (FernandezGimenez and Bathuyan 2004, Upton 2008) .
When examined relative to the three-dimensional vulnerability-coordination framework, the cases from Central Asian republics and Mongolia indicate that institutional changes in pastoralism, i.e., rangeland privatization and open access, have led to a lowered institutional capacity to respond to crisis, e.g., disappearance of formal regulatory institutions and weakened customary institutions, and increased agroecosystem degradation that increased herders' vulnerability in terms of socioeconomic affluence. These results represent a shift toward the octant 8 in Figure 1 , thereby indicating an increase in the vulnerability of pastoralism at agroecosystem, institution, and livelihood dimensions. Table 3 . General information on pastoralism on the Qinghai-Tibetan Plateau (Long et al. 1999 ).
Location It is located in western China, covering most of the Tibet Autonomous Region and Qinghai Province in China. It is the highest and biggest plateau called "the roof of the world," with an area of 2.5 million km².
Climate
It is characterized by a dry and cold alpine climate. Annual precipitation ranges from 100 mm to 300 mm, which falls mainly as hailstorms. Year-round temperatures average 0°C, dipping to −40 °C in some areas in winter.
Vegetation Vegetation cover of the Qinghai Tibetan Plateau is mostly (over 70%) alpine rangelands, including alpine meadow, alpine shrub, alpine steppe, and alpine desert.
Land use Pastoralism is the dominant way of utilizing the vast rangelands of Qinghai-Tibetan Plateau. Agropastoralism exists in some areas.
Animals
Grazing livestock include yak (around 13 million, over 90% of world population), Tibetan sheep (Ovis ammon), and goats (around 42 million), and wild grazing mammals including blue sheep (Pseudois nayaur), wild ass (Equus hemionus), and wild yak (Bos grunniens).
Population
It supports about 10 million people, among which approximately 52% are nomadic pastoralists or pastoralists of Tibetan or Tibetan-originated ethnicities.
Social problems
Conflicts over the increasing population and limited resources in pastoral areas. Change of pastoral livelihoods driven by rapid economic and social development.
Degradation of pastoral ecosystem with overusing and warming on Qinghai-Tibetan Plateau of China
The vast areas of Qinghai-Tibetan Plateau (QTP) of China are the headwaters for three Asian rivers, the Yangtze, Yellow, and Langcang-Mekong, and are predominately covered by rangelands that have been used by Tibetan communities as pasturelands for the subsistence grazing of livestock, e.g., yak (Bos grunniens) and Tibetan sheep (Ovis ammon), for millennia (Table 3) . However, pastoralism in the fragile and vulnerable landscapes of the QTP is being threatened by rangeland degradation that is associated with population growth, climatic warming, and policy changes.
The rangelands of the central QTP have been overused in recent decades by rapidly increasing human and livestock populations (Ma et al. 1999 , Wang and Chen 2001 , Shang and Long 2005 . Some scholars (Riley 2004 , Fischer 2008 report that the population growth rates of Tibetans and Kazaks were about double that of Han during 1982-2000, although it is difficult to accurately estimate such growth rates for pastoralist populations because of methodological sampling issues including the selection of appropriate time periods (Fischer 2008) . With the building of a new railway into Tibet in 2006, more immigrants are expected into this traditionally pastoral region (Bauer 2005) , likely resulting in the overpopulation of outsiders in pastoral societies similar to other parts of western China (Banks et al. 2003) . Population growth in pastoral areas could lead to chronic overstocking, as the number of livestock must remain at similar or even higher per capita levels to maintain an unchanged living standard (Harris 2010) . Thus, pastoral resources likely are being overexploited by local pastoralists and outside immigrants who are not paying much attention to the carrying capacities of specific rangelands, leading to the degradation of overall rangeland resources (Li and Huang 1995 , Bai et al. 2002 , Li et al. 2008 . It is reported that nearly half of the alpine rangeland in the central QTP has been degraded over the past 40 years (Wang and Chen 2001) , and that about 26% is currently severely degraded to what is termed "black beach" or "black-soil-land", where land is bare during the winter and only sparsely covered by annual weeds or poisonous plants in the summer (Li and Huang 1995 , Ma et al. 1999 http://www.ecologyandsociety.org/vol16/iss2/art10/ Long 2005). Such degradation of alpine rangelands through overuse will increase rates of potential evapotranspiration, thereby creating seriously negative effects on pastoral production rates with climatic warming (Du et al. 2004 , Wang et al. 2006 ).
In the eastern QTP, rangeland quality and quantity are being negatively affected by current climatic warming trends. For example, an experimental study conducted by Klein et al. (2004) (Hoag 2010 , Yu et al. 2010 . The consequences of these interactions were a decrease in the extent of native rangelands and a decline in the quality of grazing pastures, which appear to be threatening both rangeland biodiversity and Tibetan pastoralists' livelihoods.
Along with the climatic changes and human population growth, dynamic governmental policies related to rangeland management have modified land use characteristics, also resulting in increased rangeland degradation and livelihood vulnerability.
In the past, a number of government sponsored programs shared multiple goals of moving pastoralists to sedentary lifestyles; encouraging responsible rangeland husbandry by clarifying pastureland tenure on a family basis; subsidizing construction of permanent winter homes, fences, and livestock shelters; and providing plots for growing supplemental winter fodder (Harris 2010) . These programs have been actively promoted, despite the fact that their long-term ecological and economic viability is uncertain (Wu and Yan 2002 , Yan et al. 2005 , Davidson et al. 2008 ). More recent initiatives, such as "Natural Forest Protection," "Grain for Green," and "Retire Livestock, Restore Pastures" have not attempted to encourage responsible husbandry through a tighter linking of families with specific tracts of land; instead, they have focused on breaking that linkage entirely. Although the implementation of these new programs may be effective in restoring degraded rangelands, they have encountered many obstacles (Nyima 2003 , Yeh 2003 , Dong et al. 2007 , and their high costs in monetary, social, and cultural terms may disqualify them from constituting a sustainable social-economic system ).
The aforementioned summary indicates that the degradation of agroecosystems associated with resource overexploitation and climatic warming increases the vulnerability of Tibetan livelihoods on the QTP, and institutional vulnerability accelerated degradation and increased the vulnerability of the agroecosystem. These results can be reflected in the three-dimensional vulnerability-coordination framework by a shift toward the octant 8 in Figure 1 , indicating an increase in the vulnerability of pastoralism to the global changes at three key dimensions, i.e., agroecosystem, livelihood, and institution. This implies that even small global changes may have big impacts on pastoral systems.
Erosion of pastoral systems with regional development in the European Alps and Highlands
Pastoralism dates to 10,000 years BP in some regions of Europe (McCracken and Huband 2005) . Many different pastoral systems have been used that are similar to those practiced in other parts of the world in that they reflected the climatic, topographic, and cultural conditions that shaped them. However, over the past 30 years the total area for high nature value pastoralism has declined, and such areas are now primarily found in mountainous and remote regions (McCracken and Huband 2005) . Pastoralism in Europe, particularly the Alps of central Europe and the highlands of Northern Europe, has been marginalized by regional development strategies.
The history of pastoralism in the Alps of Europe, according to Lichtenberger (1994) , can be dated back to 6000 years BP. Traditionally, a http://www.ecologyandsociety.org/vol16/iss2/art10/ transhumance grazing system ("alpeggio") was practiced whereby livestock was moved to pastures near or above timberline during the summer and then back to valley bottoms for the rest of the year (Laiolo et al. 2004) . Industrial development in the alpine valleys (Laiolo et al. 2004 ) and ski-based tourism development above or near timberline (Brugger et al. 1984 , Lasanta et al. 2007 ) have modified land management practices, reducing pastoralism in these areas by making it less necessary or economically unviable. Depopulation of these alpine areas due to local people moving to the valley bottoms, and the reduction of livestock stocking levels associated with the remaining residents shifting to other livelihoods have resulted in pronounced changes in ecosystem functions and dynamics (Cernusca et al. 1999 , Dirnböck et al. 2003 , such as those arising from shrub encroachment onto grasslands in the subalpine zone (Reyneri 2001 , Laiolo et al. 2004 . As a consequence of shrub encroachment, open ground habitats have decreased and landscape heterogeneity has been reduced, resulting in a change in vegetation characteristics and animal populations (Beaufoy et al. 1994 , Pain and Pienkowski 1997 , Laiolo et al. 2004 ). For example, it was found that plant diversity in ski-runs of the Swiss Alps was lower than that of nearby grasslands (Urbanska et al. 1998) ; and that bird biodiversity in the ski-runs of the western Italian Alps was reduced because of abandonment of the pastures, whose edges had attracted a rich and diverse avifauna (Laiolo and Rolando 2005) . Some researchers have highlighted the importance of maintaining mountain agriculture and livestock grazing in tourism-based development models to mitigate the negative environmental effects (Wyder 2001 , Laiolo et al. 2004 . Moreover, the movement of workers from the primary to the tertiary employment sector also has led to the collapse of the traditional agropastoral system, especially in unproductive and remote mountain valleys in the French Alps (Anthelme et al. 2001 , Didier 2001 . Based on a very recent visit to Peisey Nancroix, a small village in the French Alps where local people had historically practiced pastoralism, the senior author found that local residents had abandoned traditional grazing systems for ski-tourism development, shifting their livelihood strategies from being pastoralists to being ski resort managers, hotel managers, and migratory labors. Today, the tradition of pastoralism can only be found at a farmer's museum, which is managed by old pastoralists who had retired from traditional pastoralism many years ago.
Pastoralism is also being threatened by regional development in the highlands of Northern Europe. For example, in the Finnmark highlands of Northern Norway, as described by Marin (2006:210) "pastoralism relies on semi-domesticated reindeer (Ratigifer tatcttidus), a ruminant adapted to the arctic/sub-arctic environment, surviving the long winters by feeding mainly on mat-forming lichens. The semi-nomadic reindeer herders in this area are a part of the Sami minority who spreads over northcentral Fennoscandia and part of the Kola Peninsula." This form of nomadic pastoralism is characterized by flexible patterns of resource use and land tenure regimes, and reflects a tight response to fluctuating circumstances in both time and space. However, it is being gradually replaced by a formalized system reinforced by the state (Marin and Vedeld 2003) because reindeer herding is viewed as an illegitimate or backwards form of economic activity (Horowitz and Little 1987) . As such, the government has embraced a policy of confining, controlling, and settling nomadic herders, and state-sponsored development strategies have focused on controlling livestock numbers through destocking and commercial harvesting, and by decreasing grazing pressure through fencing and padlocking (Adams 2001) . These state development strategies also have advocated sedentarization, formal land tenure, and capitalist production (Adams 2001) , resulting in erosion of traditional fluidity and flexibility of practice that developed to meet the vagaries of the natural environment of the north (Tyler 2007) . These conflicts between the governmental policies and pastoral management strategies are similar to those occurring in other pastoral areas in the world (Ostrom 2000) in that they have resulted in the disruption of local norms and rules for managing resources and the destitution of local communities. This situation, as noted by Marin (2006:210) , is "not only threatening to the welfare of pastoral communities as a whole, but also to the environment where these processes must take place, making the sustainability goal seem both illusionary and hypocritical."
These two cases show that regional development has made pastoralism in the European Alps and highlands more vulnerable by accelerating the degradation of grassland resources, via shrub encroachment and biodiversity loss, at the agroecosystem dimension and disrupting local norms and rules for managing natural resources at the institution dimension, while diversifying and promoting incomes of the communities at the 
Climate
It is characterized by extreme cold and wind stress with mean annual temperatures ranging between 8 and 3°C, and annual precipitation declining from 800 mm in the north to 250 mm in the south.
Vegetation
The vegetation is composed primarily of bunch grasses and low-lying shrubs known as tola.
Land use
In Peru, about 86% of the land in Andeans mountains is used exclusively as pasture; in Bolivia, pastoral management is dominantly present in the highland.
Animals
All of Peru's sheep, llamas (Lama glama), and alpacas (Vicugna pacos) and 70% of its cattle are found in the region. A Bolivian wool marketing system has developed in this region, primarily since the middle of 19th century.
Population
About 41% of Peru's total population lives in the Sierra, where pastoralists make up more than 60% of the rural population. In Bolivia, about 50% of the nation's population lives in the altiplano and most of them are pastoralists.
Social problems
Agrarian reform policies aimed at ending exploitation by modernizing and mechanizing production has forced the transhumance pastoralists to settle in communities.
livelihood dimension. As a result, the pastoral systems in this region will shift toward the octant 4 in Figure 1 in the three-dimensional vulnerabilitycoordination framework, indicating an increase in the vulnerability of pastoralism to the global changes, whereby even small changes may have big impacts on pastoral systems across this region.
Decline of pastoral systems with 'modernizing' agricultural reform in Bolivian and Peruvian Andeans of South America
Pastoralism in South America is currently confined to the semiarid regions of the Andes, primarily in four countries, Argentina, Bolivia, Chile, and Peru (Westreicher et al. 2007) . In terms of land use, animal production, and pastoral populations (Table  4) , the Andean highlands ("Sierra" and "Altiplano") of Bolivia and Peru are at the heart of South American pastoralism (Kuznar 1991 , Westreicher et al. 2007 . Although pastoralist activities are especially significant to the economies of these countries (Westreicher et al. 2007 ), agricultural reform policies aimed at 'modernizing' pastoralists on the highlands in both countries have failed to understand and appreciate the fundamentals of pastoralism, thereby exacerbating the deterioration of environmental, economic, and social conditions in pastoral communities throughout the region (Nori 2007) .
Traditionally, Bolivia's Andean pastures were used collaboratively by large groups of communities ("ayllus") that developed and maintained strict management rules with respect to access and resource use (Swift 2004) . Under this system, similar to transhumance systems in other Andean regions across South America, indigenous pastoral production remained as it had for centuries, maintaining a balance between demographic constraints and resource scarcity (Swift 2004 , Westreicher et al. 2007 ). The Bolivian government considered the collaborative tenure of pastures to be an irrational resistance to modernization and 'dysfunctional,' and initiated agrarian/agricultural reform in 1953, soon after the 1952 revolution in Bolivia, to provide peasants with individual land titles (Swift 2004 , Westreicher et al. 2007 . Although the herders opposed this policy for decades, they eventually compromised with the state in the 1970s by subdividing the ayllus into http://www.ecologyandsociety.org/vol16/iss2/art10/ smaller units, i.e., hamlets comprising a group of families, each receiving a land title (Swift 2004 ). Similar to pastoral land tenure reformation policies elsewhere across Central Asia, customary tenure relationships in Bolivia have undergone extensive transformation as a result of this policy, and customary decision making mechanisms are increasingly challenged by changing political, economic, social, and environmental conditions (Swift 1994) . At times, this has lead to widespread poverty and underdevelopment (Stadel 1995) .
In the highlands of Peru, the 1969 agrarian reform aiming at "modernization" and "mechanization" disrupted customary pastoral systems by forcing transhumance pastoralists to settle in communities (Postigo et al. 2008) , despite the fact that they had historically used herd mobility, seasonal use of pastureland, and vertical and horizontal transhumance to diminish and share the risks of a harsh changing environment (Brownman 1987 , Postigo et al. 2008 . Development projects arising from this policy for modernizing livestock husbandry focused on rangeland management, alpaca (Vicugna pacos) breeding, and social capital improvement (Brownman 1983 , Reineri et al. 2006 ). However, other potential consequences, such as increased social differentiation and the exclusion of some pasture and water resources from the public domain, became barriers to benefiting all populations involved (Postigo et al. 2008) . Since the early 1990s, agrarian reform in Peru has been counteracted by new, neoliberal land policies that focus on the concentration of land, capital, and knowledge within an agribusiness framework (Postigo et al. 2008 ) that allows individual land titling (Kay 2002) . These policies have supported communities as being the true owners of pastoral lands, but conflicts between new households and the community over access to and control of the pastures have become problematic (Postigo et al. 2008) . They also have weakened governmental participation in agrarian development with the disappearance of statesponsored extension services, technical support, and credit (Postigo et al. 2008) . Furthermore, the potential changes associated with these policy reforms have resulted in an expanding inequity between hired herders and property-owning pastoralists and an increasing pressure on pastures with the likely consequence being overgrazing (Brownman 1983 , Lesorogol 2003 .
Taken together, these two cases suggest that agrarian reform in the Bolivian and Peruvian highlands of South America led to increasing inequity and poverty among pastoral societies by enlarging social differentiation, increasing pressures on pastures by diminishing governmental participation in agrarian development, and dismantling of the traditional land tenure system. This would be reflected by a shift toward the octant 8 of Figure 1 , indicating an increased vulnerability of pastoralism at all three dimensions, i.e., agroecosystem, livelihood, and institution.
Deterioration of pastoral systems with agricultural expansion and climatic warming in the Great Plains of USA
The Great Plains, with physical, climatic, and plant communities characteristic of prairies and steppes (Table 5) , have historically been open range, hosting pastoralism/ranching operations where anyone was theoretically free to graze livestock. The Homestead Act of 1862 and Dominion Lands Act of 1871 were implemented to allow for the settlement and agricultural development of the Great Plains to meet the demands of a growing population in this region (Bower 2007) . As a consequence, inappropriate cultivation practices associated with the extended drought and financial crisis of the Great Depression during the late 1920s and early 1930s led to the environmental disaster known as the Dust Bowl, which forced many farmers and ranchers to abandon land throughout the Great Plains (Butzer 1983 , Bower 2007 . From the 1950s to present, many areas of the Great Plains have gradually become productive, crop-growing areas because of extensive irrigation on large landholdings, which has driven the pastoralism on the Great Plains into further marginalized and degraded conditions (Wood 1998 ).
With increasing public concern about the impacts of climate change, the grasslands of the Great Plains have been highlighted in present years. For example, a recent report by researchers from the U. S. Department of Agriculture, has warned that these grasslands are at risk because of increasing atmospheric CO 2 (Parton et al. 2007 ). Based on combined modeling and experimental exercises tracing the impacts of warming and rising CO 2 levels on grassland ecology of the Great Plains, these researchers found that prairie heating and CO 2 enrichment will continue for the next 5 to 10 years (Parton et al. 2007 ). They also found that plant production was increased with rising levels of http://www.ecologyandsociety.org/vol16/iss2/art10/ atmospheric CO, while the quality of forages for livestock was decreased, i.e., lower nitrogen concentrations in forage grasses with increasing CO 2 (Parton et al. 2007 ). Moreover, weakened/ deteriorated grasslands could become more vulnerable to aggressive invasive species and diseases (Wagner 2007) . In partial support, Alward et al. (1999) have reported that higher springtime global minimum temperatures were correlated with a reduction in the abundance of buffalo grass (Bouteloua gracilis) and an increase in native and exotic forbs in the short-grass steppe in northeastern Colorado. Interestingly, research results indicate that forest vegetation along the northern edge of the North American Great Plains has migrated southward over the past century into areas historically dominated by native grassland (Peltzer and Wilson 2006) , despite the widespread expectation that global warming will promote the dominance of grasslands over woody vegetation.
The alteration of species composition on rangelands on one hand, can increase the supporting services associated with rangeland ecosystems, such as carbon and nitrogen storage/cycling (Liao et al. 2006 , Hughes et al. 2006 ; but on the other hand it can reduce the provisioning services of rangeland ecosystems upon which ranchers have come to rely, i.e., the availability of productive, palatable, drought-resistant grasses such as buffalo grass that are important to livestock production (Parton et al. 2007 ). Because grazing livestock need nitrogenrich diets to facilitate digestion, ranchers may be forced to supplement their animals' diets with hay and alfalfa (Wagner 2007) , which probably would increase the expansion of crop production across the Great Plains. It is clear that the combined decline of grassland quality and quantity, i.e., forage production, associated with global warming and increased CO 2 will weaken pastoralism across the Great Plains, even though an experiment by Liebig et al. (2005) showed that grazing or converting cropland or reclaimed mine land to grassland can mitigate greenhouse gas emissions by increasing soil carbon sequestration.
This case suggests that the historical development of agriculture combined with current climatic warming patterns have pushed the pastoral ecosystem (agroecosystem) in the Great Plains of North America into a more fragile status. The ability of ranchers to supplement livestock diets with hay or alfalfa may in fact represent a successful adaptation, representing an enhanced institutional capacity to avert major crises. Crop production provided more livelihood options for local agropastoralists. These points are reflected in the three-dimensional vulnerability-coordination framework by a shift toward the octant 2 in Figure 1 , which Land use Rangelands cover most of Queensland (> 70%). Pastoralism is the major land use system with the beef industry found throughout the rangelands whereas the sheep industry is generally confined to the central western and southwestern areas of the rangelands.
Animals
There are mainly grazing livestock such as sheep and cattle, as well as some soft-footed native animals such as kangaroos and wallabies (Macropodidae).
Population
The total population of Queensland is about 4.4 million (1999 numbers).
Social problems
Agricultural development and climate change are threatening ranching systems on the open ranges.
indicates an increase in pastoralism vulnerability to the global changes at the livelihood and institutional dimensions, but a decrease in the agroecosystem dimension.
Degradation of pastoral systems with production-oriented management in Queensland of Australia
Rangelands cover about 70% of Australia, and have been used by indigenous hunter-gatherers for 40,000 years (Bowler et al. 2003) . Since European settlement, the dominant land use of these rangelands has been shifted toward extensive pastoralism, allowing sheep and cattle to move as they choose over extensive areas (Earl and Jones 1996) . The establishment of a pastoral system over the past 200 years, in which privately owned cattle and sheep graze native vegetation, has displaced the Australian indigenous system (McAllister et al. 2006) . Under this relatively new system, vegetative ground cover has been totally removed by high grazing pressures, resulting in severe soil erosion and vulnerable animal production systems (Allen Consulting Group 2001, Richards and Lawrence 2009 ). Because of vegetation clearing and poor livestock management, about 5.7 million hectares of Australia are affected by dryland salinity, and this number is expected to increase to 17 million within the next 50 years (Allen Consulting Group 2001). Such a financially costly and environmentally unsustainable situation has characterized much of Australia's pastoral industry for a long time (Richards and Lawrence 2009 ). However, the reassertion of Aboriginal rights to land and a widespread conservation movement during the 1980s and early 1990s have promoted pastoral production systems in some areas (Heathcote 1994 , Holmes 1994 , sometimes resulting in conflicts between grazing practices and public interests with respect to preserving the environment (Buxton and Stafford 1996, Dale and Bellamy 1998) .
To understand what is currently occurring in pastoral industries within Australia, it is valuable to contextualize present land management practices in terms of their production paradigm. For example, in Queensland, one of the major pastoral areas in Australia (Table 6) , as in other grazing areas of Australia, the productivism model is dominating pastoral systems (Richards and Lawrence 2009) , even though this mode of food production has been increasingly contested because of concerns about food quality and security and environmental impacts (Lang and Heasman 2004) . In the http://www.ecologyandsociety.org/vol16/iss2/art10/ productivism model, the 'ideal typical' form is characterized by production intensification and concentration along with product specialization (Argent 2002, Ilbery and Bowler 1998) . This model has tended to emphasize quantity over quality and, as a wider system for food production based on the assumption that consumers will be advantaged by the maximization of production (Lang and Heasman 2004) , it has lead to unstable ecosystems, e.g., transforming perennial grass landscapes into the 'breadbaskets of the world' (Gray and Lawrence 2001, Friedmann 2005) . For Australia's ranchers, it is very difficult to move to a new production model because of the poor investment in infrastructure and experiments with 'new' practices during tight economic times (Lawrence et al. 2004) , criticisms from the peers about ranchers who change their practices (Conacher and Conacher 1995 , Guerin and Guerin 1994 , Richards et al. 2005 , and a decreased ratio of prices paid for their livestock relative to input costs (Malcolm et al. 1996) . In addition, current terms of trade have reduced profitability at the property level, which has prevented landholders from shifting to more environmentally sustainable practices (Richards and Lawrence 2009 ). This situation is currently challenging the sustainable development of pastoralism in Queensland, as well as all of Australia.
This case illustrates that the development of a productivism model in Queensland, Australia has reduced the vulnerability of pastoralism at the agroecosystem dimension by improving rangeland and livestock management, and at the livelihood dimension by increasing ranching outputs. However, this will increase the vulnerability of pastoralism at the institutional dimension as some difficulties are limiting Australian ranchers' abilities to move to a new production regime. This is reflected by a shift toward the third octant in Figure 1 , which indicates abundant livelihood options and robust agroecosystem, but low institutional capacity for coping with the global changes.
PRESSURE-STATE-RESPONSE OF GLOBAL PASTORALISM
Although the three-dimensional vulnerabilitycoordination model reflects that the vulnerability of pastoralism was very different across the global space, results from all 10 case studies enhance our understanding that global changes have put great pressures on pastoralism worldwide, and that these impacts will continue into the future. Climate patterns are changing in pastoral areas and variability is increasing; agriculture is displacing rangelands; settlement is reducing the seasonal migration of grazing herds; and pastoral economies are undergoing tremendous changes as they merge with nation-states (Galvin 2009 ). These stresses and resulting impacts on pastoralism do not occur individually or in isolation, but rather result from many people reacting to multiple stresses (Nelson et al. 2007 The pressure-state-response analysis of the pastoral cases examined in this paper indicated that it is critical to address the pressures and impacts of global changes by either changing the driving forces or sources to prevent or minimize the environmental flows that are causing harm, or by reducing the effects after they happen. In other words, responding within the pressure-state-response framework is the most important step toward mitigating the negative impacts of global changes on sustainable pastoralism. The coupled human and natural systems (CHANS) approach proposed by Liu et al. (2007) can be used to identify applicable approaches for helping pastoral societies worldwide cope with global change by facilitating effective collaboration among social scientists, bio/physical scientists, practitioners, managers, and users to protect and sustain pastoral environments. Untangling the complexities of CHANS, such as reciprocal effects, the influence of differing scales of biological and social organization and emergent properties, could lead to innovative scientific insights that are essential for the development of effective policies that will promote and maintain the ecological and socioeconomic sustainability of pastoralism . A growing number of CHANS examples are beginning to provide important insights into diverse complex systems that cannot be well understood or effectively managed within a single dimension, illustrating that environmentally related issues in a changing world cannot be addressed solely through technical innovations, political reformations, or economic development (Yang and Dong 2010) . Hence, complex interdisciplinary approaches, as illustrated by the CHANS framework, are needed to address the environmental and socioeconomic problems associated with the changes that are occurring worldwide in pastoral ecosystems and pastoralists' livelihoods.
INTERDISCIPLINARY STRATEGIES FOR SUSTAINING GLOBAL PASTORALISM
Finding a way to reduce the ecological, social, and economic impacts of global change requires rigorous ecological research to understand rangeland responses of pastoralism to all drivers, as well as an integrated transdisciplinary framework for supporting and sustaining the pastoral complex. This calls for professionals, practitioners, and policy makers to work together to develop a coupled human and natural systems approach to enhancing the resilience of pastoralism, i.e., the capacity of social and ecological systems in pastoral settings to absorb disturbance and still retain their basic function and structure (Walker and Salt 2006) . The research challenges involved in understanding resilience of pastoralism worldwide are considerable. Resilience theory, with its 'ball-and-cup' analogy and 'bouncing back' metaphor can be "deceptively simple and intuitive" but also useful in "fostering communication across disciplines and between science and practice" (Vetter 2009:32) . For example, on the Qinghai-Tibetan Plateau where synergistic interactions between climatic warming and livestock grazing were present, appropriate grazing management may be an important tool to keep warming-induced shrub expansion in check and to mitigate the negative effects of warming on rangeland quality. Most certainly, flexible and opportunistic grazing management practices in many pastoral areas will be required in a warmer future (Klein et al. 2007 ). New research and monitoring programs for pastoral areas will need to be designed that can address ecological and socioeconomic interrelationships within a CHANS framework (Vetter 2009 ) by involving an international interdisciplinary research network capable of investigating pastoralism at various scales, local to global (Liu et al. 2007 ).
Moreover, to capture slow and stochastic processes, investigations of resilience and thresholds in relation to global change will need to be long-term, flexible, and opportunistic. This places great responsibility on research institutes and initiatives to ensure that such data are collected over long periods of time with the strategic objective of understanding temporal variability and change. Public actions need to be taken immediately to ensure the sustainable development of pastoralism, because it provides a complex form of management that maintains a dynamic ecological balance involving pastures, livestock, and people that offers an adaptive strategy for facing a stressful and changing environment (Nori and Davies 2007) . Concerned stakeholders need to question how and to what extent they can provide spaces for functioning traditional institutions, which have the capacity to accommodate traditional coping mechanisms. Currently the indigenous knowledge base supporting pastoralism is considered effective, http://www.ecologyandsociety.org/vol16/iss2/art10/ and external development programs should seek approaches such as policy reforms, institutional changes, and credit mechanisms that build on this knowledge base when promoting sustainable development programs in pastoral areas (Nori 2007) . Pastoralists' adaptation strategies to global change need to be enhanced through public awareness and improved by institutional decisions at different scales and dimensions. At the local level, pastoralists should be able to use their traditional institutions and systems as the basis for engagement with any national or global strategies that seek to strengthen their ability to meet the challenges of global change. Policy makers, professionals, and practitioners should acknowledge the effectiveness of pastoral traditional practices, both at institutional and scientific levels, which is the initial step of any process aimed at enhancing societal adaptation to global change. 
